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About a century ago, Otto Frank in Germany and Ernest
Starling in England reported on the relationship between
the extent of ventricular filling and pump function of the
heart, a phenomenon collectively referred to as Frank-
Starling's Law of the Heart. Frank's experiments em-
ployed the isolated frog heart and suggested that maxi-
mum ventricular pressure critically depends on whether
the heart is operating under ejecting or isovolumic
conditions [10]. That is, ejection appeared to deactivate
cardiac contraction. Starling's experiments [31], using a
isolated canine heart-lung preparation, showed that car-
diac output was directly proportional to filling pressure
and, thus, ventricular volume and independent of periph-
eral resistance: “... the larger the diastolic volume of the
heart... the greater is the energy of its contraction.” More
recently, Suga and Sagawa proposed a time-varying
elastance model to describe ventricular contractile func-
tion [35]. These investigators demonstrated, in the
isolated canine heart, a direct and proportional relation-
ship between end-systolic pressure and end-systolic
volume; this phenomenon has since been confirmed in
many species, including human. As illustrated in Fig. 1A,
the end-systolic pressure-volume relationship was found
to be independent of loading conditions, but critically
dependent on contractile state (dashed line). Apart from
predicting ventricular stroke volume under a variety of
loading conditions, the time varying elastance model
similarly provides a framework to predict myocardial
oxygen consumption [35].
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Both Frank and Starling understood that their data bore
a direct similarity to the variation of active force
development in skeletal muscle as function of muscle
length [3], thereby linking ventricular function to a
fundamental property of cardiac muscle. Indeed, twitch
force in isolated cardiac muscle has been shown to be
directly proportional to systolic sarcomere length [21].
Furthermore, the shape of the relationship is modulated
by contractile state such that more force is generated at a
given sarcomere length when contractile activation is
elevated (illustrated in Fig. 1B) [21]. What cellular
mechanisms might underlie this phenomenon? At first
sight, it may appear logical to suggest that variation of
contractile filament overlap underlies the Frank-Starling
Law of the Heart (described further below and in Fig. 2).
However, the relationship between contractile force and
sarcomere length is far too steep and to variable between
contractile states (Fig. 1B) to be solely explained by such
a simple mechanism [1,20, 21].

The contractile apparatus is activated by calcium ions
that are released by the sarcoplasmic reticulum upon
activation. Early experiments by Fabiato suggested that
the released amount of this activator calcium varied with
sarcomere length [8], but these results have not since been
confirmed. More recent experiments [7,17, 20] clearly
demonstrated that it is the level of activation of the
cardiac contractile apparatus itself that is sensitive to
changes in sarcomere length (Fig. 1C). These experiments
were performed on chemically permeabilized (skinned)
isolated cardiac muscle, a preparation that allows direct
access to the contractile apparatus such that steady state
force can be measured as function of activator calcium
concentration. Thus, as is illustrated in Fig. 1C, there is a
direct proportionality between sarcomere length and the
sensitivity to calcium ions of the cardiac sarcomere, such
that more force is generated at a given concentration of
activator calcium as sarcomere length is increased (the
curves are shifted to the left on the [activator calcium]
axes at higher sarcomere length). Hence, it can be said
that the sarcomere possesses a length dependent activa-
tion property. It should be noted that intact twitching
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Fig. 1A-C Frank-Starling’s Law of the heart: relation to length
dependency of myofilament length activation. A Schematic illus-
tration of ventricular pressure-volume loops as measured by Suga
and Sagawa in the isolated canine heart [35]. End-systolic pressure
is uniquely determined by end-systolic volume and independent of
ventricular loading conditions. The end-systolic pressure-volume
relationship is sensitive to contractile state: here, the dashed line
indicates an increased level of inotropy, resulting in increased
ejection volume and increased end-systolic pressure for a given
amount of ventricular filling (dashed pressure-volume loop). B
Schematic illustration of the relationship between peak twitch force
and systolic sarcomere length in isolated cardiac muscle. An
increase in contractile state, in this case increased concentration of
Ca®* in the bathing medium, results both in an elevation of the peak
twitch force-sarcomere length relationship as well as a change in
the shape of this relationship: for a given end-systolic sarcomere
length, peak twitch force is increased [20, 21]. C Schematic
illustration of the relationship between activator calcium concen-
tration and myofilament force generation [7, 17, 20]. Increases in
sarcomere length (SL) induce an increase in maximum, calcium
saturated myofilament force generation as well as an increase in
calcium sensitivity. The latter is manifest as a leftward shift of the
entire force-calcium relationship. Myofilament activation is coop-
erative, meaning that myofilament force generation occurs over a
narrow range of activator calcium concentration (steep activation
curve). The level of cooperativity, in contrast to maximum calcium
saturated force and calcium sensitivity, appears not to depend on
sarcomere length [7]

cardiac muscle responds to a change in length in two
distinct phases: an immediate change in twitch force, and
a slower phase that develops over the course of several
minutes. There is good evidence to suggest that the latter
phase is due to a change in sarcoplasmic reticulum
calcium release secondary to altered calcium loading of
the cell, while the immediate response is due to the
change in calcium sensitivity of the cardiac sarcomere
described above [1].

Despite the importance for the Frank-Starling mech-
anism, the molecular mechanisms that underlie the
immediate response of myofilament force generation
upon a change in sarcomere length have not been entirely
elucidated. The change in myofilament force upon
variation of sarcomere length appears to be due to a
change in the number of active cycling, force producing
cross-bridges in the cardiac sarcomere [1, 40, 41]. The top
panel of Fig. 2 shows a schematic illustration of the
proteins present in the sarcomere of striated muscle.
Dimers of the asymmetric molecule myosin are linked by
their tail portions to form the backbone of the thick
filament, while the globular heads of myosin protrude
from the thick filament (M; blue). These globular heads,
or cross-bridges, are believed to cyclically attach to the
actin filament (A; orange) [18]. When strongly-bound, the
cross-bridges produce a pulling force on actin and,
through the thin filament, on the proteins that make up
the Z-band (Z; gray). The Z-bands are mechanically
coupled via a multitude of proteins that include the
integrin receptors at the cell surface to the extracellular
collagen network, thus transmitting actin-myosin pro-
duced force to the tendons in skeletal muscle or towards
the heart's cavity in the heart so as to produce pressure.
Recently, an additional sarcomeric protein has been
identified, titin, a high molecular weight giant protein
that spans the entire half sarcomere from the Z-band to
the M-line and binds tightly with the myosin thick
filament (T; red) [15, 26, 39]. Striated muscle contraction
is regulated by the heteromeric protein complex troponin
and the tropomyosin filament, both located on the thin
filament (note: not shown in Fig. 2) [38]. Troponin is
composed of troponin-C (TnC), the calcium receptor;
troponin-I (Tnl), an inhibitor of contraction; and troponin-
T (TnT), a tropomyosin binding protein. There is good
evidence to suggest that calcium binding to TnC results in
the movement of tropomyosin away from myosin binding
sites on actin, thereby allowing cross-bridge formation
and active force development [18, 24]. It is important to
note that all striated muscle (skeletal and cardiac) are
fundamentally identical in terms of the type of proteins
that make up the sarcomere, but differ in terms of the
specific isoforms expression of these proteins (which
usually derive from different gene products in different
muscle types). One important difference between skeletal
and cardiac muscle is the magnitude of length dependent
activation, being larger in cardiac than in skeletal muscle
[2, 8, 22]. Fast skeletal muscle expresses a specific form
of TnC that is distinct from cardiac TnC. Early experi-
ments by Gulati and Babu employing TnC exchange in



LongSL I

Short SL

Fig. 2 Schematic illustration of sarcomeric structure in striated
muscle. The thick filament is composed of myosin, the globular
heads of which protrude from the thick filament (M; blue). Myosin
heads interact with the actin filament (A; orange) to form cross-
bridges. The cross-bridge pulling force on actin is transmitted
mechanically to the Z-band (Z; gray). Titin, a high-molecular-
weight protein, is shown to span the entire half sarcomere from the
Z-band and onto the myosin thick filament (7 red). The fop panel
shows a long sarcomere length (SL), while the bottom panel shows
a short SL. The inter-filament spacing hypothesis of length
dependent activation is based on the proposition that variation in
SL causes a concomitant change in the distance between the thick
and thin filament which, in turn, induces a change in the reactivity
of the myosin heads (blue dots) for actin (orange filament). An
alternative theory proposes that mechanical strain on titin (red)
induced by stretch of the sarcomere (see top panel) affects the
reactivity of the myosin heads either due to a direct effect of titin
strain on inter-filament spacing, or due to altered thick or thin
filament structure. Note that for clarity, the sarcomere lengths
depicted in this figure to illustrate the myofilament lattice spacing
hypothesis are longer than those that may occur in the heart; under
physiological conditions, cardiac sarcomeres operate largely at a
length where there is an overlap between opposing actin filaments
(double overlap)

either fast skeletal or cardiac muscle indicated that the
specific isoform of TnC alone was sufficient to impart the
corresponding length dependent property on that muscle
type [2]. Hence, those experiments suggested that TnC
might comprise a pivotal component of the length sensing
entity in striated muscle. However, more recent detailed
experiments by the Moss group have rendered this
possibility less likely [29].

A unifying theory that has gained acceptance during
the last decade proposes that the impact of sarcomere
length on myofilament calcium sensitivity (Fig. 1C) is
due to changes in the spacing between the thick and thin
filaments [11, 14, 28]. This theory is schematically
illustrated in Fig. 2. Because myofibrils maintain close to
constant volume [19, 34], elongation of the sarcomere is
expected to lead to a reduction of the distance between the
thick and thin filaments (compare top and bottom panel).
A closer approximation of the myosin heads to actin may
be expected to increase the probability of strong cross-
bridge formation at a given concentration of activator
calcium. Thus, one would predict an increase in myofil-
ament calcium sensitivity at the higher sarcomere length
(top panel of Fig. 2). Several experiments have provided
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support for this theory. Osmotic compression of the
myofilaments by high-molecular-weight molecules that
cannot enter the myofilament lattice structure, such as
dextran, induces an increase in myofilament calcium
sensitivity concomitant with a reduction of muscle
diameter [11, 14, 28]. Since it has been shown that a
reduction in muscle diameter occurs in parallel to a
reduction in myofilament lattice spacing in skeletal
muscle [27], the increase in myofilament calcium sensi-
tivity following dextran treatment without a change in
sarcomere length is consistent with the myofilament
lattice spacing theory. More direct support was provided
by Fuchs and co-workers, who showed that myofilament
calcium sensitivity could be rendered length independent
when muscle diameter was kept constant by applying an
appropriate amount of dextran at each sarcomere length
studied [11]. A similar result was obtained by McDonald
and co-workers, who showed in single permeabilized
cardiac myocytes that application of dextran at a short
sarcomere length was sufficient to increase myofilament
calcium sensitivity to match that recorded at the high
sarcomere length, despite the fact that sarcomere length
had not changed [28].

We have recently reexamined the dextran approach,
this time employing X-ray diffraction to directly measure
myofilament lattice spacing. As illustrated in Fig. 3A, we
found in cardiac muscle that application of dextran
reduced muscle diameter to a greater extent than myo-
filament lattice spacing, particularly at short sarcomere
lengths [23]. Also apparent from these data is that
application of 3% dextran compressed the myofilament
lattice to a far greater extent than stretching the sarcom-
eres in the absence of dextran. Thus, to match myofila-
ment lattice spacing at a short sarcomere length, only 1%
dextran was required as opposed to the 3-5% dextran
used in the earlier studies that relied on muscle diameter
or changes in calcium sensitivity. Unexpectedly, 1%
dextran was found not to affect myofilament calcium
sensitivity, even though myofilament lattice spacing was
reduced to a similar extent as that induced by a change in
sarcomere length; increasing sarcomere length, on the
other hand, did indeed increase myofilament calcium
sensitivity, precisely as expected (Fig. 3B). Consistent
with the previous studies, we did indeed find that
application of higher concentrations of dextran (3% or
6%) increased myofilament calcium sensitivity. Hence,
the earlier observations linking muscle diameter to
myofilament calcium sensitivity may have been a fortu-
itous finding, caused perhaps by an independent effect of
higher concentrations of dextran on myofilament calcium
sensitivity, rather than showing a direct causal connection
between myofilament spacing and myofilament calcium
sensitivity. In support of this notion, we recently found in
another study comparing fast and slow skeletal muscle of
the rat, no differences in myofilament lattice spacing as a
function of sarcomere length, despite the fact that the
length dependent properties of these two muscle types are
vastly different [22]. Elucidation which specific thick or
thin filament protein component is responsible for this
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Fig. 3A,B Myofilament lattice spacing and Ca®* sensitivity. A
Relationship measured in isolated skinned rat cardiac muscle
between the width of the muscle and myofilament lattice spacing as
measured by X-ray diffraction [19]. Muscles were studied at 3
levels of sarcomere stretch (1.95 pm, 2.10 um, and 2.25 pm) in the
presence of dextran at 0% (circles), 3% (squares), and 6%
(triangles). Stretch of the cardiac sarcomere resulted in a propor-
tional reduction in myofilament lattice spacing and muscle width in
the absence of myofilament compression by dextran only (circles).
In contrast, under conditions of dextran compression, sarcomere
stretch resulted in a proportional reduction of muscle width, but not
in myofilament lattice spacing. In addition, application of 3%
dextran induced compression of the myofilament lattice to a greater
extent that sarcomere stretch in the absence of dextran (compare
circles and squares and dashed line of identity). Modified from
Konhilas et al. [23]. B Upper bar graphs show myofilament lattice
spacing as measured by X-ray diffraction in isolated skinned rat
cardiac muscle at a short sarcomere length (Short: 2.02 um), long
sarcomere length (Long: 2.10 pm), and at the short sarcomere
length in the presence of 1% dextran (Short+1% dextran: 2.02 um).
Application of 1% dextran at the short sarcomere length was
sufficient to match myofilament lattice spacing at the long
sarcomere length in the absence of dextran. The lower bar graphs
show the values for myofilament calcium sensitivity measured
under these corresponding conditions. Length-dependent activation
of the cardiac sarcomere is apparent by the reduction in ECsg in the
absence of dextran upon stretch to the long sarcomere length.
However, myofilament calcium sensitivity was not affected by
application of 1% dextran at the short sarcomere length, despite the
identical reduction in myofilament lattice spacing. These data
suggest that myofilament lattice spacing may not underlie the
molecular mechanism of length dependent activation in the heart.
Modified from Konhilas et al. [23]

difference in length dependent activation will await
further study. As a caveat, it should be noted that our
conclusions, and those of others, are based entirely on
measurements of either muscle diameter or myofilament
spacing in relaxed, non-contracting muscle preparations.
It is very likely that the myofilament lattice rearranges
during contraction, the very condition that exist when
myofilament calcium sensitivity is assessed.

If myofilament lattice spacing does not play a promi-
nent role in length-dependent activation of striated
muscle, then what other molecular mechanism may be
involved? Myofilament activation is highly cooperative,
i.e., force development increases steeply over a very
narrow concentration range of activator calcium (see
Fig. 1C) [1, 4, 7, 9, 17, 20, 33, 38]. Cooperative
myofilament activation may be due to enhanced proba-
bility of calcium binding to TnC, either when neighboring
TnC sites are occupied by calcium or when proximate
cross-bridges are bound to actin, or due to promotion of
further cross-bridge formation by near-neighbor actively
cycling cross-bridges [4, 33]. Regardless of the underly-
ing mechanism, there appears to be a linkage between the
extent of cooperative activation and length dependent
activation. First, manipulation of cooperative activation
by various agents or substrates also affects length
dependent activation [9, 12, 13, 36]. Second, in compar-
ing various striated muscle types, we recently found a
correlation between the level of cooperativity and length
dependent activation among fast, slow, and cardiac
muscle of the rat [22]. However, although strong coop-
erative interaction may be a prerequisite for length-
dependent activation, cooperative activation itself does
not appear to be length dependent, as we have recently
shown in chemically permeabilized rat myocardium [7].
Thus, the precise role of cooperative activation in length
dependent activation is, at best, incompletely understood.

Another potential mechanism for length dependent
activation that has recently been proposed involves the
giant cytoskelelal protein titin. Titin is well positioned
within the sarcomere to take on the role of length sensor,
since the protein spans the space between the Z-line and
the center of the sarcomere (Fig. 2) [15]. The protein
plays an important role in the generation of passive
muscle stiffness originating from within the sarcomere
[15, 16, 25]. Furthermore, titin is known to possess
binding sites for both actin and myosin [15, 37]. Indeed,
recent results have suggested that either selective removal
of titin by partial protein digestion or reduction of
mechanical strain on titin, reduces the length dependent
property of skinned cardiac muscle [5]. Titin’s action
could be due either to a direct effect on myofilament
lattice spacing [5], a possibility rendered less likely in
light of our recent results [23], or due to a direct effect of
titin strain on cross-bridge reactivity (via its interaction
with actin or myosin) [23]. Finally, another potential
mechanism underlying length dependent activation, at
least in cardiac muscle, may simply be a reduction in the
number of potential cross-bridges that can be formed at
short sarcomere length due to the (double) overlap



between opposing actin filaments. Recent mathematical
modeling by us has shown that this proposition may be
feasible (J.J. Rice, G Stolovitzky, Y Tu, and PP de
Tombe, unpublished observations). One problem with this
proposal, however, is the fact that calcium sensitivity
increases in skeletal muscle well beyond thick and thin
filament overlap on the descending limb of the force-
sarcomere length relationship (i.e., a condition, also, of
diminished cross-bridge numbers but now associated with
increased calcium sensitivity rather than reduced calcium
sensitivity as in cardiac muscle at short sarcomere length).

In conclusion, Frank-Starling's Law of the heart
describes an important and fundamental integrated car-
diovascular regulatory principle. At its basis, it is caused
by a change in myofilament sensitivity to activator
calcium upon a change in sarcomere length. Although
the deciphering of its molecular mechanism is currently
pursued vigorously in various laboratories, a definitive
answer has yet to be produced. Powerful techniques for
study of structure-function relationships are at our
disposal. These range from X-ray diffraction that allow
examination of thick and thin filament structure [30], to
the expression and purification of recombinant (mutant)
protein that can be exchanged into skinned striated
muscle preparations [6] and transgenic animal models
[38]. Elucidation of the Frank-Starling mechanism un-
doubtedly will provide further insights into the complex
protein regulatory system of muscle contraction. Howev-
er, at the same time, and perhaps even more importantly,
it will also provide for an elegant and necessary
connection between the “old” science of systems phys-
iology that was practiced by Frank and Starling about a
century ago, and that of the “modern” science of
functional genomics of today [32].

Acknowledgements This work was supported in part by the
Cardiovascular Sciences Program Training Grant T32 07692 (J.P.
Konhilas), a national Grant In Aid from the American Heart
Association 9950459 N (T.C. Irving), NIH HL52322 and NIH
HL62426 (P.P. de Tombe). Use of the Advanced Photon Source
was supported by the U.S. Department of Energy, Basic Energy
Sciences, Office of Energy Research, under Contract No. W-31-
109-ENG-38. BioCAT is a U.S. National Institutes of Health-
supported Research Center RR08630. The National Aeronautics
and Space Administration (NASA) supported part of this work
through a NASA Cooperative Agreement NCC 9-58 with the
National Space Biomedical Research Institute. Dr. de Tombe was
an established investigator of the American Heart Association
during the time these studies were performed.

References

1. Allen DG, Kentish JC (1985) The cellular basis of the length-
tension relation in cardiac muscle. J Mol Cell Cardiol 17:821-
840

2. Babu A, Sonnenblick EH, Gulati J (1988) Molecular basis for
the influence of muscle length on myocardial performance.
Science 240:74-76

3. Blix M (1892) Die Lange und die Spannung des Muskels.
Skand Arch Physiol II1:295

4. Campbell KB, Razumova MV, Kirkpatrick RD, Slinker BK
(2001) Nonlinear myofilament regulatory processes affect

11.
12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

309

frequency-dependent muscle fiber stiffness.

81:2278-2296

Biophys J

. Cazorla O, Wu Y, Irving TC, Granzier H (2001) Titin-based

modulation of calcium sensitivity of active tension in mouse
skinned cardiac myocytes. Circ Res 88:1028-1035

. Chandra M, Kim JJ, Solaro RJ (1999) An improved method for

exchanging troponin subunits in detergent skinned rat cardiac
fiber bundles. Biochem Biophys Res Commun 263:219-223

. Dobesh DP, Konhilas JP, Tombe PP de (2002) Cooperative

activation in cardiac muscle: impact of sarcomere length. Am
J Physiol 282:H1055-H1062

. Fabiato A, Fabiato F (1975) Dependence of the contractile

activation of skinned cardiac cells on the sarcomere length.
Nature 256:54-56

. Fitzsimons DP, Moss RL (1998) Strong binding of myosin

modulates length-dependent Ca®* activation of rat ventricular
myocytes. Circ Res 83:602-607

. Frank O (1895) Zur Dynamik des Herzmuskels. Z Biol 32:370—

447

Fuchs F, Smith SH (2001) Calcium, cross-bridges, and the
frank-starling relationship. News Physiol Sci 16:5-10

Fukuda N, Kajiwara H, Ishiwata S, Kurihara S (2000) Effects of
MgADP on length dependence of tension generation in skinned
rat cardiac muscle. Circ Res 86:E1-6

Fukuda N, J OU, Sasaki D, Kajiwara H, Ishiwata S, Kurihara S
(2001) Acidosis or inorganic phosphate enhances the length
dependence of tension in rat skinned cardiac muscle. J Physiol
(Lond) 536:153-160

Godt RE, Maughan DW (1981) Influence of osmotic compres-
sion on calcium activation and tension in skinned muscle fibers
of the rabbit. Pflugers Arch 391:334-337

Granzier H, Labeit S (2002) Cardiac titin: an adjustable multi-
functional spring. J Physiol (Lond) 541:335-342

Granzier HL, Irving TC (1995) Passive tension in cardiac
muscle: contribution of collagen, titin, microtubules, and
intermediate filaments. Biophys J 68:1027-1044

Hibberd MG, Jewell BR (1982) Calcium- and length-dependent
force production in rat ventricular muscle. J Physiol (Lond)
329:527-540

Huxley HE (1969) The mechanism of muscular contraction.
Science 164:1356-1365

Irving TC, Konhilas J, Perry D, Fischetti R, Tombe PP de
(2000) Myofilament lattice spacing as a function of sarcomere
length in isolated rat myocardium. Am J Physiol 279:H2568—
H2573

Kentish JC, Keurs HED] ter, Ricciardi L, Bucx JJJ, Noble MIM
(1986) Comparison between the sarcomere length-force rela-
tions of intact and skinned trabeculae from rat right ventricle:
influence of calcium concentrations on these relations. Circ Res
58:755-768

Keurs HEDJ ter, Rijnsburger WH, Heuningen R van,
Nagelsmit MJ (1980) Tension development and sarcomere
length in rat cardiac trabeculae: evidence of length-dependent
activation. Circ Res 46:703-714

Konhilas JP, Irving TC, Smith SH, Tombe PP de (2001)
Length-dependent activation compared in three striated muscle
types of the rat. Biophys J 80:1053

Konhilas JP, Irving TC, Tombe PP de (2002) Myofilament
calcium sensitivity in skinned rat cardiac trabeculae: role of
inter-filament spacing. Circ Res 90:59-65

Lehman W, Hatch V, Korman V, Rosol M, Thomas L,
Maytum R, Geeves MA, Van Eyk JE, Tobacman LS, Craig R
(2000) Tropomyosin and actin isoforms modulate the localiza-
tion of tropomyosin strands on actin filaments. J Mol Biol
302:593-606

Linke WA, Popov VI, Pollack GH (1994) Passive and active
tension in single cardiac myofibrils. Biophys J 67:782-792
Maruyama K, Kimura S, Ohashi K, Kuwano Y (1981)
Connectin, an elastic protein of muscle. Identification of “titin”
with connectin. J Biochem (Tokyo) 89:701-709



310
217.

28.

29.

30.

31.
32.

33.

34.

Matsubara I, Goldman YE, Simmons RM (1984) Changes in
lateral filament spacing of skinned muscle fibres when cross-
bridges attach. J Mol Biol 173:15-33

McDonald KS, Moss RL (1995) Osmotic compression of single
cardiac myocytes eliminates the reduction in Ca®* sensitivity of
tension at short sarcomere length. Circ Res 77:199-205
McDonald KS, Field LJ, Parmacek MS, Soonpaa M, Leiden JM,
Moss RL (1995) Length dependence of Ca®* sensitivity of
tension in mouse cardiac myocytes expressing skeletal tropo-
nin C. J Physiol (Lond) 483:131-139

Millman BM (1998) The filament lattice of striated muscle.
Physiol Rev 78:359-391

Patterson SW, Piper H, Starling EH (1914) The regulation of
the heart beat. J Physiol (Lond) 48:465-513

Petersen OH (2001) Physiologists, physiology departments and
universities: discipline and interdisciplinarity. Pflugers Arch
441:725-727

Razumova MV, Bukatina AE, Campbell KB (2000) Different
myofilament nearest-neighbor interactions have distinctive
effects on contractile behavior. Biophys J 78:3120-3137
Rome E (1968) X-Ray diffraction studies of the filament lattice
of striated muscle in various bathing media. J Mol Biol 37:331—
344

35.

36.

37.

38.

39.

40.

41.

Sagawa K, Maughan L, Suga H, Sunagawa K (1988) Cardiac
contraction and the pressure-volume relationship. Oxford
University Press, New York

Smith SH, Fuchs F (1999) Effect of ionic strength on length-
dependent Ca(2+) activation in skinned cardiac muscle. J Mol
Cell Cardiol 31:2115-2125

Soteriou A, Gamage M, Trinick J (1993) A survey of
interactions made by the giant protein titin. J Cell Sci
104:119-123

Tombe PP de, Solaro RJ (2000) Integration of cardiac
myofilament activity and regulation with pathways signaling
hypertrophy and failure. Ann Biomed Eng 28:991-1001
Wang K, McClure J, Tu A (1979) Titin: major myofibrillar
components of striated muscle. Proc Natl Acad Sci USA
76:3698-3702

Wannenburg T, Janssen PM, Fan D, Tombe PP de (1997) The
Frank-Starling mechanism is not mediated by changes in rate of
cross-bridge detachment. Am J Physiol 273:H2428-2435
Wannenburg T, Heijne GH, Geerdink JH, Van Den Dool HW,
Janssen PM, Tombe PP de (2000) Cross-bridge kinetics in rat
myocardium: effect of sarcomere length and calcium activation.
Am J Physiol 279:H779-790



